We use molecular dynamics simulations to study the dynamics of Janus particles, micro-or nanoparticles which are not spherically symmetric, in the uniform flow of a simple liquid. In particular we consider spheres with an asymmetry in the solid-liquid interaction over their surfaces and calculate the forces and torques experienced by the particles as a function of their orientation with respect to the flow. We also examine particles that are deformed slightly from a spherical shape. We compare the simulation results to the predictions of a previously introduced theoretical approach, which computes the forces and torques on particles with variable slip lengths or aspherical deformations that are much smaller than the particle radius. We find that there is good agreement between the forces and torques computed from our simulations and the theoretical predictions, when the slip condition is applied to the first layer of liquid molecules adjacent to the surface.
slip) boundary condition, in which the fluid adjacent to the surface has zero speed. When this assumption is violated, slip occurs, and non-zero slip has been observed experimentally for atomically smooth, hydrophobic surfaces [9, 11] . The non-slip boundary condition is most commonly described in the rest frame of the wall using the slip length b, defined according to Navier's approach [10, [14] [15] [16] in which the velocity (v) of an incompressible fluid has a component tangential to the surface (v ) that is proportional to the shear rate:
Here n is the unit normal to the surface. In a simple shear flow over a planar surface, the slip length represents the depth at which a linear extrapolation of the tangential flow velocity at the surface becomes zero. A Janus particle may have an asymmetric hydrodynamic boundary condition, because different areas on the particle surface can have different slip lengths. Such an asymmetry can generate interesting dynamics, and the force and torque on a slip-asymmetric Janus particle in uniform Newtonian flow have been analytically calculated at the continuum level [17, 18] . These calculations suggest that a Janus particle consisting of two hemispheres with differing boundary conditions will experience a torque, and have a reduced linear drag coefficient compared to a sphere with a no-slip boundary condition [17] . The analytical results apply to particles of radius R in the limit b R, in which case the slip asymmetry is mathematically equivalent to slight deformation arXiv:1606.02850v1 [physics.flu-dyn] 9 Jun 2016 of a sphere [19] .
Slip-induced dynamics of Janus particles are of practical interest for several reasons. Firstly, experimental evidence for molecular scale slip has been obtained using a limited range of techniques [9, 11, 20] . The most successful of these (AFM colloidal probe, and surface force apparatus) measure the force between two surfaces due to drainage, rather than directly measuring the shear force couple between the fluid and the surface. Therefore, studies of slip on micro-and nanospheres could verify and further elucidate the physical nature of molecular scale slip. Secondly, the dynamics provide a mechanism for manipulation and orientation of particles, without the application of external fields, suggesting possible applications as multifunctional particles. Thirdly, the collective dynamics of Janus particles could be affected. Simulations of Janus particle self-assembly [7, 8, 21] have not so far considered slip. This paper presents molecular dynamics (MD) simulations of Janus particles with asymmetric wettability (and consequently an asymmetry in the slip length) in a simple fluid flow. The values of the force and torque on the particles are calculated as a function of the slip length of the two hemispheres, and the angle between the asymmetry and the flow. Results are compared with the continuum theoretical studies of the slip-asymmetric Janus sphere, and of a slightly deformed sphere with homogeneous wettability. Presently, MD simulations are essential for studying slip-asymmetric Janus particles, because the predicted dynamics have not been experimentally confirmed, mostly due to competition with Brownian motion [17] . Here we make explicit predictions of the forces and torques on particles, whereas previous studies have been largely descriptive [22, 23] .
II. THEORETICAL APPROACH

A. The Janus particle
The system studied is a Janus particle modelled as a sphere of radius R evenly divided into hemispheres referred to as 1 and 2, with the respective slip lengths b 1 and b 2 . The fluid (viscosity η) moves at a velocity U relative to the Janus particle. The angle θ between the sphere and the flow is defined in Fig. 1 .
In general, the effective slip length measured for flow around a sphere b will not be equal to the effective slip length measured for flow over a plane b for the same liquid-solid interaction strength. As shown by Chen et al. [24] , when Eq. 1 is used to define slip, for a surface with radius of curvature R we have the relation:
where b ≤ b . Note that the sign of the curvature R differs from some previous accounts [14, 17, 18] 
Geometry of the system : cross-section through the centre of a Janus sphere in the x-z plane. The sphere of radius R is divided into two hemispheres 1 and 2. The unbounded uniform flow U is parallel to the x axis, and the sphere is rotated by an angle θ about the y axis.
we define the radius of curvature of the sphere to be positive (and therefore equal to the sphere radius). We consider the drag force acting parallel to the incident flow, which is in the positive x direction, and the torque about the y axis. If U has a component in the y direction, there are other force and torque components not considered here. It was previously found [17] that the force on a Janus particle with asymmetric slip can be expanded as a first order approximation to the well-known Stokes drag force:
For this Janus particle (Fig. 1) , the force and torque are given by
where
B. The slightly deformed sphere
We also consider a slightly deformed sphere where the deformation is aligned with the slip asymmetry. The force and torque on a slightly deformed sphere [19] can be determined using the spherical polar co-ordinate angles θ (see Fig. 1 ) and φ to define a point on the surface of the sphere which we associate with the radius R d (θ, φ). The sphere surface takes the locus of points:
where is the amplitude of the deformation on one hemisphere ( 1), γ is the amplitude of the deformation on the other hemisphere ( γ 1), and f (θ, φ) =
is the first order spherical harmonic expansion describing the geometry.
Calculation of force and torque on the slightly deformed sphere with a non-slip boundary condition leads to the set of equations
The effects of asymmetric slip (Eq. 4) and deformation (Eq. 6) are both first order corrections to the Stokes drag (Eq. 3), so we can add them to describe a deformed particle with slip asymmetry, leading to the set of equations:
. (7) By choosing a deformed sphere with the same slip condition b 1 = b 2 = b on both hemispheres, the slip-induced torque vanishes, while the first order correction remains for the force equation:
III. METHODS AND SIMULATIONS
A. Inter-molecular interactions
The molecular dynamics simulations were carried out using an explicit solvent with inter-molecular interactions described by a Lennard-Jones pair potential. For example, the interactions between two fluid monomers (i,j ) follow the equation:
where E 0 represents the depth of the potential well, r is the distance between the centres of the monomers, and σ is the distance where U ij = 0. The potential is truncated at 2.5 σ for computational efficiency, at which separation U ij (2.5σ) = 0.016E 0 . The surface of the particle is divided evenly in two hemispheres referred to as 1 and 2, each interacting with the fluid monomers by a different Lennard Jones potential, with a different potential well. For example, the interaction between the monomers of hemisphere 1 and the fluid monomers follow the equation:
where A 1 is a parameter allowing adjustments of the strength of the pair interaction. As we will see below, the fluid-Janus monomer pair interaction is related to the slip length in that hemisphere, so the slip length b 1 can be controlled by altering A 1 . The Janus monomers of hemispheres 1 and 2 do not interact with each other.
B. The Janus Particle
The Janus particle was constructed from 270 monomers arranged on the surface of a sphere (Fig. 2,  left) . The radius of a sphere containing the monomers is 4.08σ. The theoretical predictions (above) are expected to be valid when b R, and our simulations extend to the upper bound of where we might expect this theory to apply.
The particle behaves as a rigid body : the relative distance from each monomer on the Janus particle is fixed, and the Janus particle is static in the flow (no translational nor angular motion). The positions of the monomers on the Janus particle were calculated using a Monte Carlo Scheme so that the monomers were evenly distributed on the surface. Each monomer (i,j ) on the surface is defined by the two angles (φ i 1 ,φ i 2 ). We designed an arbitrary score function which strongly disadvantages configurations in which two monomers are close, defined as
where (i,j ) refer to the monomers of the Janus particle. The score function can be seen as a repulsive force between close monomers. Convergence was assessed by studying the first peak of the pair distribution function.
A new Monte Carlo design of the Janus particle was done before each simulation in order to account for the irregularities of the particle. The deformed homegeneous sphere (Fig. 2, right) was designed using the same Monte Carlo scheme, with a uniform pair interaction potential (A 1 = A 2 ).
C. Molecular dynamics simulations
The equations of motion are integrated using a Verlet method with the timestep set at ∆t = 0.005τ LJ , where τ LJ is the Lennard-Jones timescale (m 0 σ/E 0 ) 1/2 and m 0 is the monomer mass. All simulations are run in LennardJones units, where σ is the unit of distance, E 0 is the unit of energy, m 0 the unit of mass and τ LJ the unit of time, without loss of generality. The simulations were carried out with LAMMPS [25] in the canonical ensemble (constant NVT). The temperature was set at 1.1 /k B (where k B is the Boltzmann constant) using a Langevin thermostat with a damping factor (coupling parameter) set at 20 τ LJ . Initial velocities for the monomers were drawn from a Maxwell-Boltzmann distribution.
For the study of the Janus particle, the system consisted of 46288 fluid monomers of mass m 0 in a cubic box with sides of length 39.62σ (ρ f luid = 0.75σ −3 ). Periodic boundary conditions are used in the three dimensions. The flow is created by moving the Janus particle at a constant speed (U = 0.3σ/τ ) in a static fluid. The effect of the finite box size was assessed by monitoring the average fluid speed at the boundary of the box, which was found to be less than 3% of the speed of the Janus particle in all simulations reported here.
We computed the fluid's shear viscosity η using the Green-Kubo relation, which relates the viscosity to the autocorrelation function of a diagonal component of the pressure tensor. This was calculated using a system with only fluid monomers in a box with periodic boundary conditions and with the fluid at the same fluid density as the fluid in the Janus particle simulations. The calculation converged in 2 × 10 7 MD steps to a value of η = 3.40 ± 0.01 m 0 /στ LJ .
Slip lengths b P for flow over a planar surface were computed as a function of the fluid-Janus particle interaction energy E = AE 0 by simulating a Poiseuille flow between two solid walls in the yz plane. The walls were composed of (111) planes of face-centered cubic lattice (i.e. a closepacked surface) with a surface density corresponding to that of the Janus particle. The Poiseuille flow was created by adding a constant force F x = 0.005E 0 /σ to all the fluid monomers. The velocity profile across the channel was then fitted with a parabolic curve to determine the slip length at the walls for each value of the fluid-wall monomer interaction energy E = AE 0 . The exact position of the walls in this calculation is discussed further below.
The number of monomers in our structures varied between around 10 000 and 60 000. Simulations were allowed 2 × 10 5 time steps for equilibration, followed by 8 × 10 5 time steps for production runs. For each type of simulation 10 simulations were run to estimate the mean and standard deviation of computed quantities.
IV. RESULTS
A. Effect of thermostat on the slip length
Although, as discussed above, we use a Langevin thermostat for most of the work reported here, it is important to check whether this has an impact on computed slip lengths. Figure 3 shows the slip length for a planar surface b P as a function of E = AE 0 for both the Langevin thermostat (Fig. 3, blue line) , a Nosé-Hoover thermostat (Fig. 3, green line) and several values from Ref [22] . The Nosé-Hoover thermostat used a coupling parameter of 1.0 τ LJ , which is the same value used in Ref [22] . The differences are relatively small, but our choice of thermostat enabled us to avoid the 'flying ice cube' effect [26] over a wider range of simulation parameters. This choice of thermostat leads to slightly larger values of slip length for small E than the simulations in Ref [22] . [22] are shown in black, we were able to replicate these results (green). The result with the Langevin thermostat is shown in blue.
B. Slip for a homogeneous sphere
We can compute the slip length for a homogeneous sphere in order to check the applicability of Eq. 2. Using Eq. 4 with b 1 = b 2 , an effective slip length b S can be extracted from the measured force on a simulated homogeneous sphere for various values of the interaction strength E:
The calculations to find the Stokes-extracted slip length b S and the corrected slip length b C both use the radius of the sphere R. There are two different, but reasonable definitions for the radius of the sphere (see Fig. 4 ) : the distance from the center of the sphere to the surface monomers (R = 4.08 σ), or the distance from the center of the sphere to the first layer of fluid (R = 5.08 σ). The difference is 20%, and therefore not negligible. Analysis of the simulations shows that the latter definition has the better agreement, and is used in what follows throughout. In particular, we find that the slip length calculated from the homogeneous particle b S is in good agreement with the values calculated from the Poiseuille flow if the effective radius is chosen to be R = 5.08 σ (see Fig. 5 ). This makes physical sense, as it is in the first layer of fluid where the boundary condition (Eq. 1) is defined. At low slip length the agreement is especially good whereas at high slip length a difference is visible, which is consistent with the fact that the theory used the theoretical assumption b R. This is not the case here, as the maximum slip length is nearly half the radius. In the following, the slip length used to calculate the expected force and torque is the slip length b S extracted from the homogeneous sphere simulations. One can detect a small variation of frequency π in the subplot (a), representing a variation in the force as a function of the angle. This variation is likely to be the consequence of a second order term, as the values of slip length are of the same order of magnitude as the radius of the sphere. One other possibility is the design of the sphere, which is not regular along the equator between the two poles (see Fig. 2 ). The amplitude of this effect is, however, small : 0.27% of the force value. We conclude that the theory does an excellent job of describing the forces and torques on our simulated Janus particle.
D. Force and torque for a deformed sphere
Finally we calculated the force and torque using simulations for a deformed sphere, which should be described by Eqs. 13, as a function of the angle θ, and the deformation parameters and γ (see Fig. 7 ). We designed a deformed sphere with homogeneous interaction strength E where the slip length b is as small as possible (A = 1.0 everywhere, thus we expect that b = 1.58σ). Again, we find that the simulations are in good agreement with the expected values. The differences are larger than in the case of the Janus particle simulations, quite possibly due to the combination of the slip and the deformation.
In particular, the simulation of the force as a function of the angle (subplot (a)) exhibits a sinusoidal deviation of frequency π from the expected behavior. Again, this might be a second order effect as in the Janus particle set of simulations, or a combined effect of the slip and the deformation. The amplitude of this effect is however small : less than 2% of the value of the force. A theoretical analysis to include second order terms is not trivial.
However, when fitting the data with a free multiplicative parameter B as follows
we find that B = 0.72, which is of the order of (1 − 
V. CONCLUSION
For small Janus particles in a simple liquid flow, we find good agreement between the forces and torques computed from molecular dynamics simulations and a continuum theoretical description based on inhomogeneous perturbations to a Stokes flow about a homogenous sphere. We have considered particles with an asymmetry in the solid-liquid interaction strength over their surfaces and particles that are deformed slightly from a spherical shape but have a uniform interaction strength. The theory gives excellent quantitative agreement with the simulations, particularly in the limit of small perturbations or slip lengths as used in the theory, and describes the functional dependence of forces and torques on angle well. The results demonstrate the importance of applying the slip condition at the first layer of fluid molecules, and of adjusting the slip length to account for surface curvature. This work suggests that molecular dynamics simulations could be used to study related problems with more complicated geometries and flows.
